*Campylobacter jejuni*, a foodborne pathogen, is associated with gastroenteritis and rare but serious post-infection complications in humans[@b1]. Although *C. jejuni* infections are commonly self-limiting, the ability of this pathogen to persist in food animals and to contaminate cognate food products poses a serious challenge for food safety and global health[@b2]. Furthermore, in developed nations, infections associated with *C. jejuni* exert a considerable economic burden. For example, in the USA, it was estimated that *Campylobacter*-associated infections cost \$1.7 billion and result in the loss of 13,300 quality-adjusted life years (QALYs)[@b3]. Despite significant progress in understanding the pathobiology of *C. jejuni*, many factors that promote this pathogen's ability to colonize and/ or infect the gastrointestinal (GI) tract of its hosts remain not completely understood.

The mammalian GI tract is complex and encloses niches with diverse biological and physiochemical properties, including differences in pH (ranges between 4.0 and 8.5), hormones, enzymes, metabolites, and resident microbial communities. These factors can significantly influence the behavior and fate of a potential pathogen in the GI tract. For example, microbial metabolites such as short-chain fatty acids (SCFA), succinate, hydrogen, and secondary bile acids have been shown to affect the growth and virulence of gut pathogens[@b4]. SCFAs are produced as byproducts of the metabolism of resident intestinal bacteria and the breaking down of foods[@b5][@b6]. It has been reported that SCFAs are involved in the regulation of virulence genes in certain pathogens[@b5][@b7]. For example, formate, a SCFA, can act as a signal to induce *Salmonella* invasion of the small intestine in mice[@b5]. Specifically, formate impacted the major regulators of *Salmonella* pathogenicity island 1 (SPI1) which encodes components of the type III secretion system and other proteins that play a role in the entry to eukaryotic cells[@b5]. Studies in mice also showed that the presence of formate was a factor in determining the distal ileum as the preferred site for *Salmonella* invasion[@b5]. Furthermore, formate repressed proteins in the RpoS regulon of *E. coli*[@b8], while relatively low concentrations of formate protected both *E. coli* and *Salmonella* from killing by a cationic antimicrobial peptide, which was derived from the human bactericidal/permeability-increasing protein (BPI)[@b9]. Similarly, it has been shown that formate plays an important role in *C. jejuni*'s pathobiology. For example, several studies reported that disparate *C. jejuni* mutant strains that were deficient in formate metabolism exhibited: (1)- reduced ability to infect human intestinal cells as well as primary chicken intestinal cells *in vitro*[@b10][@b11], (2)- deficiency in the colonization of 1-day old chickens[@b12][@b13], and (3)- impairments in motility, resistance to oxidative stress, and biofilm formation and defects in cell shape[@b11]. This is not surprising, because *C. jejuni* exhibits a strong chemoattraction towards formate[@b14][@b15], which is also a major energy source for the bacterium[@b16].

*C. jejuni* possesses a periplasmic formate dehydrogenase (FdhABCD), which facilitates the breakdown of formate into carbon dioxide and water[@b12][@b13][@b17]. Electrons generated from the oxidation of formate are passed down a branching electron transport chain, which includes a quinone pool, a cyctochrome *bc*~*1*~ complex, periplasmic *c-*type cytochromes, two terminal oxidases (CioAB: a cyanide-insensitive oxidase and CcoNOQP: a *cb*-type oxidase) and other respiratory proteins that facilitate the use of alternative terminal electron acceptors[@b12][@b18]. Terminal oxidases enable the use of oxygen as a terminal electron acceptor, which allows *C. jejuni* to persist under low oxygen stress and maintain its microaerobic lifestyle[@b12][@b19]. Therefore, electrons produced from formate metabolism can contribute to both energy production and survival under microaerobic conditions. Interestingly, oxidase activity can be inhibited by formate in other bacteria[@b20][@b21]. At first, this contrasted with the aforementioned advantages associated with formate metabolism in *C. jejuni*, especially because an oxidase mutant was unable to colonize the GI tract of chickens[@b22]. To resolve this paradox, we hypothesized that formate acts to balance energy metabolism and microaerobic survival, likely to allow the use of limited oxygen in the gut for other vital functions. Notably, it has been shown that oxygen is crucial for DNA synthesis[@b23] in *C. jejuni* and is considered an important respiratory acceptor in the chicken gut[@b22]. The latter observation was based on the inability of an oxidase mutant (*ccoN*::Cm strain) to colonize chickens[@b22]. Therefore, here we investigated the impact of formate on oxidase activity and monitored cognate respiratory activity of *C. jejuni* under microaerobic (5% O~2~) and more restrictive oxygen conditions (\<1% O~2~).

Materials and Methods
=====================

*C. jejuni* strains and culture conditions
------------------------------------------

*C. jejuni* 81--176 (wildtype)[@b24] was cultured on Mueller-Hinton (MH) agar at 42 °C under microaerobic conditions (85% N~2~, 10% CO~2~, 5% O~2~) or under \<1% O~2~ (hereafter referred to as anaerobic conditions) which was generated using the BD GasPak Sachets system (BD Diagnostics, NJ, USA)[@b11]. The *Campylobacter* selective supplement (SR155E, Oxoid, KS, USA), sodium formate, sodium succinate, sodium fumarate, sodium cyanide, sodium azide and sodium nitrate (Sigma, MO, USA) were added to the MH medium when necessary.

BIOLOG and chemotaxis assays
----------------------------

BIOLOG-AN plates (BIOLOG Inc., CA, USA) contain important metabolic substrates, and the metabolism of these substrates by bacteria results in the production of purple formazan which can be quantified spectrophotometrically at 550 nm. As described in Brandl *et al*.[@b25] and Kassem & Rajashekara[@b17], *C. jejuni* was grown on laked horse-blood agar for 24 h. The cultures were then suspended in 10 mM phosphate buffer (pH 7.0), centrifuged, washed twice, and resuspended to achieve an OD~600~ of 0.7. The suspensions were transferred to the BIOLOG-AN plates (100 μL/well) which were then incubated microaerobically at 42 °C for 48 h and the OD~550~ was measured. Wells that did not contain any substrates were used as negative controls. The experiment was repeated three times.

Chemotaxis assay was performed as described in Zhulin *et al*.[@b26]. This method relies on quantifying the change in optical density of bacterial suspension in response to a chemical gradient of the tested substrates which included formate, succinate, fumarate and other compounds. Different chemicals (potential chemoattractants at 100 mM final concentration, Sigma) were suspended in equal volume of molten 2% agarose gel. Suspensions (300 μL) were added carefully to the bottom of plastic cuvettes and were left for 15 minutes to solidify and form agarose plugs. The volume of the plug was selected to ensure that the lower limit of the light beam from a spectrophotometer would be just above the upper edge of the plug. *C. jejuni* cultures were grown on MH agar plates under microaerobic conditions at 42 °C. The cultures were harvested, washed twice and suspended in Adler chemotaxis buffer \[10 mM potassium phosphate and 0.1 mM EDTA (pH 7.0)\] to achieve an OD~600~ of 0.02. One mL of the bacterial suspension was added on top of the agarose plugs containing the different chemicals. Changes in the OD~600~ of the bacterial suspension in response to the chemical gradient were quantified using a spectrophotometer. An agarose plug containing 1X PBS was used as a negative control and to assess chemotaxis-independent bacterial sedimentation. The samples were tested in triplicate and the experiment was repeated three times.

*C. jejuni*'s growth, motility and biofilm formation
----------------------------------------------------

To evaluate the impact of formate on *C. jejuni*'s growth, a formate solution (5 M) was freshly prepared by dissolving sodium formate in autoclaved and deionized water, which was followed by filtration using 0.2 μm sterile syringe filters (EMD Millipore, USA). *C. jejuni* was then inoculated into MH broth and adjusted to an OD~600~ of 0.1, and formate (0, 5, 10 mM final concentration) was immediately added to the cultures. Aliquots (180 μL) from each culture were transferred to a sterile 96-well plate, which was incubated with shaking (180 rpm) under microaerobic conditions at 42 °C. Growth was monitored at different time-points by measuring OD~600~[@b13] using a microplate reader (SpectraMax Plus, Molecular Devices, USA). Growth was further quantified at the time-point (36 h) that reflected the highest significant difference in the OD~600~ between the cultures. For this purpose, the cultures were serially diluted (10-fold), which was followed by spreading aliquots (100 μL) on MH agar plates, and counting colony forming units (CFU).

The impact of formate on motility and biofilm formation was determined as described previously[@b11][@b27]. To evaluate motility, *C. jejuni* cultures were adjusted to OD~600~ of 0.02. Two μl of each culture were then stabbed into semisolid MH plates containing 0.4% agar and different concentrations of formate (0, 5, 10, 25, and 50 mM). The plates were incubated at 42 °C under microaerobic conditions. Diameters of the zones of motility were measured after 48 h of incubation.

Biofilm formation was assessed by using crystal violet staining[@b11][@b27]. *C. jejuni* was suspended in MH broth containing formate (0, 5, 10, 25 and 50 mM) to achieve an OD~600~ of 0.05. One ml of culture was transferred to sterile borosilicate glass tubes, which were incubated for 72 h under microaerobic, anaerobic, and aerobic (ambient oxygen) conditions, respectively. The tubes were then gently washed with distilled water and stained with 0.1% crystal violet solution for 15 min. After further washing to remove excess stain, the tubes were left to dry at room temperature. The biofilms were then dissolved in 80% DMSO and quantified spectrophotometrically (OD~570~). The effect of different concentrations of sodium fumarate and sodium succinate on motility and biofilm formation was also assessed as described above. Fumarate and succinate were included as controls to contrast with the specific impact of formate on these phenotypes. All experiments were repeated at least three times and samples were tested in triplicate.

Respiratory activity
--------------------

*C. jejuni*'s respiratory activity in the presence of formate was measured using 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) staining as described elsewhere[@b28][@b29]. CTC acts as an artificial final electron acceptor, which is reduced into a chromogenic product (formazan)[@b29]. Briefly, *C. jejuni* cultures were adjusted to OD~600~ of 0.2 in MH broth. Different concentrations of formate were added to the cultures as described above. The cultures were then incubated shaking (200 rpm) under microaerobic conditions at 42 °C. After 30 min, 900 μL was aliquoted from each culture and 100 μL of CTC (\~5 mM final concentration) was added. The samples were then mixed thoroughly and incubated in the dark at room temperature for 45 min. Colorimetric CTC reduction (respiration) was determined using a spectrophotometer (OD~550~). Respiratory activity was also conducted under anaerobic conditions in the presence and absence of formate and/or nitrate (1 mM final concentration). The latter was added to assess respiration in the presence of an alternative electron acceptor. In order to reduce any compromise of the anaerobic conditions, these experiments were conducted in 96-well plates using 90 μL of culture and 10 μL of CTC for each reaction. In all experiments, sterile MH broth with CTC served as a negative control. Different concentrations of fumarate and succinate were included as additional controls to contrast with the specific impact of formate on respiration. The samples were tested in triplicate and the experiment was repeated three times.

Oxidase activity
----------------

Oxidase activity was measured using N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD)[@b30]. *C. jejuni* cultures were adjusted to OD~600~ of 0.2 in MH broth which was supplemented with formate as described above. After incubation for 30 min, 900 μL of each culture were used to assay for oxidase activity by adding 100 μL of TMPD solution, which was freshly prepared before each experiment. Alternatively, 1% ascorbic acid was added to the TMPD solution to reduce autooxidation[@b30]. The colorimetric reaction resulting from the oxidation of TMPD was then quantified using a spectrophotometer (OD~570~). The oxidase test was conducted also in the presence of sodium cyanide (100 μM) and sodium azide (250 μM)[@b14][@b19] (Sigma-Aldrich). However, to account for the dual effect of formate with azide or cyanide, the culture incubation time was optimized to 15 min after assessing different time points. Negative controls included MH broth only, formate + TMPD, azide + TMPD, and cyanide + TMPD. Different concentrations of fumarate and succinate were included as additional controls to contrast with the impact of formate on oxidase activity. The samples were tested in triplicate and the experiment was repeated three times.

Aerotolerance
-------------

The tolerance of *C. jejuni* 81--176 to aerobic (ambient oxygen) conditions in the presence of formate was assessed as described previously[@b27][@b31][@b32]. Briefly, *C. jejuni* growing under microaerobic conditions on MH agar plates were harvested and suspended in MH broth to achieve an OD~600~ of 0.1. Cultures (100 mL) were transferred to different 250 mL sterile Erlenmeyer flasks covered with cotton plugs and were incubated under microaerobic conditions (200 rpm and 42 °C for an additional 2 h). Different concentrations of formate were added to each flask (t = 0 h post formate treatment) and the cultures were then incubated shaking (300 rpm) under ambient oxygen conditions at 42 °C. Aerotolerance was assessed by measuring OD~600~ using 1 mL plastic cuvettes and a spectrophotometer and counting CFU (as described above) at 8 h post formate treatment. Samples were tested in triplicate and the experiment was performed three times.

qRT-PCR analysis
----------------

The expression of genes encoding respiratory proteins (electron donors and acceptors) and ribonucleotide reductase (genes and primers are listed in [Table 1](#t1){ref-type="table"}) was investigated in the presence and absence of formate (5 mM) and nitrate (1 mM) under microaerobic and anaerobic conditions, respectively. For this purpose, *C. jejuni* cultures were incubated for 15 min with shaking (200 rpm) at 42 °C[@b32][@b33]. The cells were then pelleted by centrifugation and RNA was extracted using RNeasy Mini Kit (Qiagen, CA, USA). cDNA was synthesized using SuperScript III First-Strand Synthesis SuperMix (Invitrogen, USA). The qPCR analysis was performed using SensiMixPlus SYBR RT-PCR Kit (Quantace, CA, USA). Gene expression was normalized with that of the 16S rRNA gene (internal control) and was compared to growth in MH broth only (no added formate and/or nitrate). Relative gene expression was determined using the 2^(−ΔΔC(T))^ method[@b34]. Gene expression studies were performed twice and samples were tested in triplicate in each experiment.

Statistical analysis
--------------------

Data were expressed as mean ± standard deviation and statistical analysis was performed using the one-way analysis of variance (ANOVA) followed by Tukey's posttest. A *P* value of \<0.05 was considered statistically significant.

Results
=======

Formate is an important respiratory substrate and chemoattractant for *C. jejuni*
---------------------------------------------------------------------------------

In order to compare the metabolism of formate to that of other important substrates (salts of organic acids), *C. jejuni*'s respiration/ metabolism of these substrates was assessed using the BIOLOG-AN plates. Formate, succinate, fumarate, and aspartate were among the highly metabolized substrates ([Fig. 1a](#f1){ref-type="fig"}). In these plates, pyruvate and α-ketoglutarate were also metabolized but to a significantly lesser extent (*P* \< 0.05) in comparison to formate and fumarate ([Fig. 1a](#f1){ref-type="fig"}). The metabolism of citrate, glutamate, propionate, and acetate was close to the assay's detection limit under the experimental conditions used in this study ([Fig. 1a](#f1){ref-type="fig"}).

To further establish the importance of formate as a respiratory substrate, the chemotaxis response of *C. jejuni* towards the aforementioned chemicals was evaluated. Under our experimental conditions, *C. jejuni* exhibited a significantly higher (*P* \< 0.05) chemoattraction towards formate in comparison to all the other substrates ([Fig. 1b](#f1){ref-type="fig"}). Although chemoattraction towards fumarate, succinate, α-ketoglutarate, and citrate was lower than the response to formate, it was significantly higher (*P* \< 0.05) in comparison to the other tested substrates ([Fig. 1b](#f1){ref-type="fig"}). Using the method described by Zhulin *et al*.[@b26], we found that chemoattraction towards aspartate, glutamate, propionate, acetate, and pyruvate was the lowest and close to the assay's detection limit ([Fig. 1b](#f1){ref-type="fig"}).

Formate enhances *C. jejuni*'s growth and motility
--------------------------------------------------

Since formate is a primary energy source for *C. jejuni* and bacterial growth and motility require energy production, the impact of formate on these phenotypes was investigated.

Supplementation of MH broth with formate significantly increased (*P* \< 0.05) the growth (OD~600~) of *C. jejuni* ([Fig. 2a](#f2){ref-type="fig"}). However, the highest increase in growth was recorded after the addition of 10 mM formate, which increased the number of CFU/mL by \~40 times as compared to growth in MH broth only after 36 h of incubation ([Fig. 2a](#f2){ref-type="fig"}). However, significant increase in OD~600~ in response to formate was not noted in the minimum essential medium, MEMα (data not shown).

Supplementation of semi-solid MH agar with formate significantly increased (*P* \< 0.05) *C. jejuni*'s zone of motility regardless of the added formate concentration ([Fig. 2b](#f2){ref-type="fig"}). In comparison, the zone of motility significantly increased (*P* \< 0.05) only with relatively higher concentrations of succinate (50 mM) and fumarate (25 and 50 mM), respectively ([Fig. 2b](#f2){ref-type="fig"}). The most significant increase in the zone of motility across all treatments was observed in the presence of 50 mM formate ([Fig. 2b](#f2){ref-type="fig"}).

Formate differentially impacts *C. jejuni*'s biofilm formation under different oxygen conditions
------------------------------------------------------------------------------------------------

Biofilm formation in *C. jejuni* was associated with increased expression of the flagellar motility complex[@b35]. Therefore, biofilm formation was investigated in the presence of different concentrations of formate. Under microaerobic conditions, there was a significant dose-dependent increase (*P* \< 0.05) in biofilm formation in response to the addition of formate ([Fig. 3](#f3){ref-type="fig"}). However, there was no significant difference (*P* \> 0.05) in biofilm formation between *C. jejuni* cultures supplemented with 25 and 50 mM formate. In contrast, a significant increase in biofilm formation (*P* \< 0.05) was only observed with the highest concentration of succinate (50 mM). The addition of 5 mM fumarate resulted in a significant increase (*P* \< 0.05) in biofilm formation. However, there was no significant difference (*P* \> 0.05) in biofilm formation between *C. jejuni* cultures supplemented with 5, 10, 25, and 50 mM fumarate.

Under aerobic conditions, there was a significant dose-dependent decrease (*P* \< 0.05) in biofilm formation in response to the addition of formate ([Fig. 3](#f3){ref-type="fig"}). However, there was no significant difference (*P* \> 0.05) in biofilm formation between *C. jejuni* cultures supplemented with either 5 and 10 mM formate or 25 and 50 mM formate. A significant decrease in biofilm formation (P \< 0.05) was observed in response to 5 mM succinate and 5 mM fumarate, respectively. However, higher concentrations of succinate and fumarate did not significantly (*P* \> 0.05) result in a further decrease in biofilm formation ([Fig. 3](#f3){ref-type="fig"}).

Under anaerobic conditions, there was a significant dose-dependent increase (*P* \< 0.05) in biofilm formation in response to the addition of formate ([Fig. 3](#f3){ref-type="fig"}). However, there was no significant difference (*P* \> 0.05) in biofilm formation between *C. jejuni* cultures supplemented with 5 and 10 mM formate. A significant increase in biofilm formation (*P* \< 0.05) was observed in response to 25 and 50 mM succinate. Biofilm formation was not significantly (*P* \> 0.05) affected by any of the tested fumarate concentrations ([Fig. 3](#f3){ref-type="fig"}).

Formate enhances the respiration of *C. jejuni*
-----------------------------------------------

Formate concentrations have been previously estimated in the mammalian hosts' gut[@b5][@b36][@b37]. For example, formate concentrations ranged between an average of 3.2 and 8.2 mM in the intestines of mice[@b5]. Therefore, it was important to assess the respiration activity of *C. jejuni* in the presence of different concentrations of formate. All the tested formate concentrations significantly increased (*P* \< 0.05) respiration by \~4 times in comparison to cultures in MH broth only (0 mM formate added). The highest activity was observed with 5 mM formate ([Fig. 4a](#f4){ref-type="fig"}), while a slight but significant decrease (*P* \< 0.05) in activity was observed with 50 mM formate in comparison to 5 mM formate. Regardless of the concentration, the respiratory activity in the presence of formate was significantly higher in comparison to succinate and fumarate ([Fig. 4a](#f4){ref-type="fig"}). The addition of nitrate (1 mM) in the presence of formate (5 mM) significantly increased (*P* \< 0.05) the respiratory activity under anaerobic conditions but not under microaerobic conditions ([Fig. 4b](#f4){ref-type="fig"}). The latter was also observed when MH broth was replaced with MEMα (data not shown).

Formate decreases oxidase activity and the ability of *C. jejuni* to tolerate ambient oxygen
--------------------------------------------------------------------------------------------

It was reported that formate inhibits oxidase activity in some bacterial species[@b20][@b21]. Therefore, the impact of formate on oxidase activity was investigated in *C. jejuni*. The addition of formate significantly (*P* \< 0.05) decreased oxidase activity; however, the highest reduction was observed with 50 mM formate ([Fig. 5a](#f5){ref-type="fig"}). In comparison, the addition of succinate significantly increased oxidase activity in a dose dependent manner ([Fig. 5a](#f5){ref-type="fig"}). A significant increase (*P* \< 0.05) in oxidase activity occurred with 25 and 50 mM fumarate but not with other fumarate concentrations. Similar results were obtained when MH broth was replaced with MEMα (data not shown).

The addition of cyanide and azide reduced oxidase activity to a level that was comparable to 10 mM formate ([Fig. 5b](#f5){ref-type="fig"}). The addition of cyanide and azide in the presence of formate significantly reduced (*P* \< 0.05) oxidase activity in comparison to cultures with formate, cyanide, or azide only ([Fig. 5b](#f5){ref-type="fig"}).

To further assess the impact of formate on phenotypes that might be associated with oxidase activity, aerotolerance in the presence of formate was measured. Aerotolerance in the presence of formate (5 and 10 mM) was significantly reduced after 8 h of exposure to ambient conditions ([Fig. 6](#f6){ref-type="fig"}). Neither succinate nor fumarate (10 mM) significantly decreased (P \> 0.05) tolerance to ambient oxygen (data not shown).

Formate increases the expression of genes encoding RNR and respiratory proteins that facilitate the use of alternative electron acceptors
-----------------------------------------------------------------------------------------------------------------------------------------

To further understand the impact of formate on respiration and survival under different oxygen conditions, we investigated the expression of selected genes ([Table 1](#t1){ref-type="table"}) encoding RNR, formate dehydrogenase, terminal oxidase and respiratory proteins that are associated with alternative electron acceptors in response to formate. Under microaerobic conditions, the addition of formate increased the expression of all tested genes with the exception of *napA* (nitrate reductase), which was downregulated ([Fig. 7](#f7){ref-type="fig"}). Under anaerobic conditions, the expression of *fdhA, cioA, napA, cytC1, cjj81176_0403*, and *nrdA* significantly increased (*P* \< 0.05) in response to formate in comparison to microaerobic conditions. Furthermore, the addition of formate and nitrate under anaerobic conditions significantly increased the expression of *fdhA, cioA, napA, nrfA*, and *cjj81176_0403* in comparison to growth in a medium supplemented with formate only ([Fig. 7](#f7){ref-type="fig"}).

Discussion
==========

*C. jejuni* colonizes the gut, a complex niche that is influenced by the activity of the host's microbiota which contribute to the development of an oxygen-limited environment and various metabolic byproducts[@b38][@b39]. The highly-branched respiratory chain of *C. jejuni* has been highlighted as a notable feature that facilitates the use of oxygen and alternative compounds as terminal electron acceptors[@b18]. In addition, *C. jejuni* can metabolize a variety of substrates, including fermentation byproducts, as electron donors to generate energy[@b18]. Subsequently, the respiratory chain enables *C. jejuni* to generate energy and persist in niches where oxygen is relatively scarce such as the hosts' gut. However, how *C. jejuni* optimizes and coordinates electron transport to facilitate respiration in response to a niche's properties (e.g. available substrates and oxygen concentrations) is not entirely clear. Here, we hypothesized that physiological concentrations of formate simultaneously enhance respiration and reduce oxidase activity. This is a previously undescribed mechanism in *C. jejuni* that might shed a light on the adaptation of this pathogen to oxygen-limitation. We suggest that the formate-dependent reduction in oxidase activity ([Fig. 5](#f5){ref-type="fig"}) might serve in: (1) allowing the shuttling of electrons to alternative electron acceptors ([Fig. 7](#f7){ref-type="fig"}), and (2) save the scarce oxygen in the gut for other functions such as DNA synthesis via the ribonucleotide reductase (RNR) ([Fig. 7](#f7){ref-type="fig"}). The latter is notable, because *C. jejuni* contains a single class I-type RNR that requires oxygen to generate a tyrosyl radical, an observation that was associated with impeded DNA synthesis and cognate lack of *C. jejuni* growth under strictly anaerobic conditions[@b23]. In comparison, *E. coli* possesses an oxygen-sensitive class III-type ribonucleoside-triphosphate reductase that facilitates the production of deoxyribonucleoside triphosphates during anaerobic growth[@b40][@b41]. Remarkably, formate was identified as a hydrogen donor for this anaerobic ribonucleotide reductase in *E. coli*[@b41].

Formate is an important metabolic substrate for *C. jejuni*. We showed that formate is a strong chemoattractant and a preferred respiratory substrate ([Figs 1](#f1){ref-type="fig"} and [4a](#f4){ref-type="fig"}), corroborating the observations of others[@b14][@b15][@b16]. However, the concentrations of substrates in the BIOLOG plates are generally high (\>100 mM)[@b42], and the physiological concentrations of formate in the mammalian host are estimated to be significantly lower[@b5][@b36][@b37]. Therefore, it was crucial to use physiologically relevant concentrations of formate (5--10 mM)[@b5] to better evaluate the impact on *C. jejuni*'s respiration and other phenotypes in comparison to other important metabolites such as fumarate and succinate[@b12][@b18]. Notably the highest respiratory activity in *C. jejuni* was recorded in the presence of 5 mM formate ([Fig. 4a](#f4){ref-type="fig"}). In comparison, respiration in the presence of succinate or fumarate (even at 50 mM) was significantly lower ([Fig. 4a](#f4){ref-type="fig"}). This further supported the role of formate as a major energy source for *C. jejuni*.

Physiologically relevant concentrations of formate significantly enhanced important survival phenotypes in *C. jejuni*, namely growth, motility, and biofilm formation under microaerobic conditions ([Figs 2 and 3](#f3){ref-type="fig"}). Increase in *C. jejuni* growth and motility was the highest at 10 mM and 50 mM formate, respectively ([Fig. 2](#f2){ref-type="fig"}). This was not surprising, because it was shown that the addition of formate to MH broth significantly reduced the generation time of *C. jejuni* NCTC-11168[@b13]. Specifically, the generation times after the addition of 10 and 25 mM formate were 0.76 ± 0.07 h and 0.94 ± 0.11 h in comparison to 2.40 ± 0.17 h in MH broth only[@b13]. We also noted that the addition of formate did not result in significant growth in minimal media (data not shown), which suggested that formate was not used as a source of carbon but only energy. The positive impacts on growth (in supplemented MH broth) and respiration support the increase in motility and biofilm formation observed in our study ([Figs 2 and 3](#f3){ref-type="fig"}). This is not surprising, because (1) bacterial biofilm formation and motility are energy requiring processes[@b43][@b44], and (2) motility affects biofilm formation in *C. jejuni*[@b35][@b45]. The aforementioned positive impacts of formate on *C. jejuni* suggest that this metabolite might play an important role in the pathobiology of *C. jejuni*. While the impact of formate remains to be assessed *in vivo*, previous studies showed that the impairment of formate dehydrogenase reduced motility, biofilm formation, and the ability to infect host intestinal cells *in vitro*[@b10][@b11] and colonize chickens[@b12][@b13].

Physiological concentrations of formate significantly reduced oxidase activity of *C. jejuni* ([Fig. 5a](#f5){ref-type="fig"}). While this was expected based on previous studies in other bacteria[@b20][@b21], the extent of the reduction in oxidase activity in the presence of formate, even at the lower concentrations, was very notable. To further investigate the potential ramifications associated with reduction in oxidase activity, we tested aerotolerance and biofilm formation in the presence of formate under ambient oxygen conditions. We observed a significant decrease in both phenotypes ([Figs 3](#f3){ref-type="fig"} and [6](#f6){ref-type="fig"}) under these conditions. In fact, there was a gradual decrease in biofilm formation in response to increasing formate concentrations ([Fig. 3](#f3){ref-type="fig"}) under ambient oxygen conditions. This was strikingly opposite to the biofilm formation in response to formate under microaerobic and anaerobic conditions, respectively ([Fig. 3](#f3){ref-type="fig"}). This indicated an increased susceptibility of *C. jejuni* to ambient oxygen levels in the presence of formate, which was probably associated with the reduced oxidase activity. However, in our study, formate enhanced *C. jejuni*'s respiration and growth-associated phenotypes under microaerobic (5% O~2~) conditions. The latter is consistent with observations that a *cioAB* mutant did not have a significant defect in growth under 5% and 10% O~2~ in comparison to wildtype[@b19], while a *ccoN* mutant was designated as O~2~-sensitive and could form colonies only under \<7% oxygen conditions[@b22]. In fact, it was reported that formate enhanced growth of *C. sputorum* subsp. *bubulus*, a microaerophilic bacterium, at low dissolved oxygen tensions but the growth slowed down at higher oxygen tensions[@b30]. Therefore, a significant decrease in oxidase activity might be detrimental to *C. jejuni* at higher oxygen conditions (\>5% O~2~)[@b22]. The increase in biofilm formation under anaerobic conditions in response to formate ([Fig. 3](#f3){ref-type="fig"}) further supports the previous observations. Interestingly, the addition of formate (5 and 10 mM) in combination with either cyanide or azide, inhibitors of cytochrome oxidases[@b14][@b19], resulted in further reduction in oxidase activity as compared to formate alone ([Fig. 5b](#f5){ref-type="fig"}), suggesting that this metabolite might be acting on both terminal oxidases. The latter might be true considering that CioAB is cyanide-insensitive, while CcoNOQP is cyanide-sensitive[@b19].

Our data suggested that the presence of formate can enhance the use alternative terminal electron acceptors, which is especially important in a niche that is oxygen limited and rich in anaerobic metabolites such as the gut. This was especially evident as the highest respiration was noted in the presence of formate and nitrate under anaerobic conditions which aligns with the expression data ([Figs 4b and 7](#f7){ref-type="fig"}). The increase in the expression of *cioA* and *ccoN* in response to formate, especially under anaerobic conditions, was not expected. However, this might further indicate that the inhibition of oxidase activity by formate occurs on the enzymatic level. In a previous study, it was shown that formate binds to and inhibits cytochrome c oxidase in submitochondrial particles[@b46]. Furthermore, the increase in the oxidase gene expression might be a compensatory response to the formate-dependent inhibition of the oxidase activity. It was notable that the expression of *nrdA* increased in compensatory response to formate, which is crucial for DNA synthesis and the survival of *C. jejuni*[@b23]. Taken together, we propose that in an oxygen-limited niche like the gut, formate might act to reduce the oxidase activity, shuttling electrons to alternative electrons acceptors, while sparing the scarce oxygen for the essential RNR activity, whose expression is also enhanced in the presence of formate ([Fig. 7](#f7){ref-type="fig"}). This might constitute a significant and previously undescribed adaptation that facilitates the notable success of *C. jejuni* in colonizing the gut.

The gut is a complex niche(s), occupied by a diverse microbiota and metabolites and challenging conditions. *C. jejuni*, a bacterium with a relatively small genome, must possess the necessary adaptations and survival strategies to cope with and exploit this environment. Therefore, using a metabolite such as formate both as an energy generating substrate and a possible signal to optimize energy and survival constitutes an advantage and sheds a new insight on how *C. jejuni* interacts with its environment. It should be also noted that other gut metabolites might modulate the impact of formate, which further highlights the complexity of the interaction between a pathogen and its host's gut.
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![(**a)** Respiration of *C. jejuni* 81--176 in response to different substrates (organic acids). Formate is one of the substrates that are highly metabolized by *C. jejuni* in the BIOLOG-AN system. (**b)** Chemotaxis of *C. jejuni* 81--176 in response to different substrates was determined as described in Zhulin *et al*.[@b26]. Different letters indicate statistically significant differences (*P* \< 0.05). Horizontal dashed line indicates the lowest limit for quantification in these assays.](srep40117-f1){#f1}

![(**a)** Growth of *C. jejuni* 81--176 in Mueller-Hinton broth supplemented with different concentrations of formate. Growth was determined by measuring OD~600~. CFU numbers were quantified at 36 h. Asterisks and different letters indicate statistically significant differences between all treatments (*P* \< 0.05). (**b)** Motility of *C. jejuni* 81--176 in Mueller-Hinton semi-solid (0.4%) agar supplemented with different concentrations of formate, succinate, and fumarate, respectively. The diameter of zone of motility was measured after 48 h under microaerobic conditions. Note that the diameter of the Petri dish was approximately 8.5 cm, which precluded assessment of the diameter beyond 8.5 cm. Horizontal dashed line indicates the maximum limit of quantification in this assay. Symbols indicate statistically significant differences (P \< 0.05) in comparison to the control (0 mM). \*\*Denotes the most significant increase (P \< 0.05) in motility across all treatments.](srep40117-f2){#f2}

![Biofilm formation of *C. jejuni* 81--176 in Mueller-Hinton broth supplemented with different concentrations of formate, succinate, and fumarate, respectively.\
Biofilm formation assays were performed using borosilicate tubes and crystal violet staining. After staining, the biofilms were suspended in DMSO (80%) and quantified using a spectrophotometer. Microaerobic: 5% O~2~; Anaerobic: \<1% O~2~; Aerobic: ambient O~2~. Symbols indicate statistically significant differences (P \< 0.05) in comparison to the control (0 mM). \*\*Denotes the highest increase or decrease in biofilm formation across all treatments.](srep40117-f3){#f3}

![(**a)** Respiratory activity of *C. jejuni* 81--176 in Mueller-Hinton broth supplemented with different concentrations of formate, succinate, or fumarate under microaerobic conditions.. The respiratory activity was determined using CTC (5-cyano-2,3-ditolyltetrazolium chloride), which is reduced to formazan. This colorimetric reaction was then quantified using a spectrophotometer. (**b)** Respiratory activity of *C. jejuni* 81--176 in Mueller-Hinton broth supplemented with formate and nitrate. **Anaero:** \<1% O~2~; **Micro:** 5% O~2~. **0:** No formate added; **1N:** Only 1 mM nitrate added; **5 F:** 5 mM formate added; **5F + N:** 5 mM formate and 1 mM nitrate added. Symbols indicate statistically significant differences (P \< 0.05) in comparison to the control (No formate added). \*\*Denotes the highest increase in respiration across all treatments.](srep40117-f4){#f4}

![(**a)** Oxidase activity of *C. jejuni* 81--176 in Mueller-Hinton broth supplemented with different concentrations of formate, succinate, and fumarate, respectively. Oxidase activity was determined using TMPD (N,N,N′,N′-tetramethyl-p-phenylenediamine), a redox indicator, which is oxidized to form a dark blue color. The colorimetric reaction was then quantified using a spectrophotometer. Symbols indicate statistically significant differences (P \< 0.05) in comparison to the control (0 mM). \*\*Denoted the lowest decrease in oxidase activity across all treatments. ^\#\#^Denoted the highest increase in oxidase activity across all treatments. Horizontal dashed line indicates the lowest limit for quantification in this assay. (**b)** Oxidase activity in the presence of formate, sodium azide and cyanide (inhibitors of oxidase activity). CN: cyanide; AZ: azide; 5F: 5 mM formate; 10F: 10 mM formate. Different letters indicate statistically significant differences (P \< 0.05). ^d^Denotes the highest reduction in oxidase activity.](srep40117-f5){#f5}

![Aerotolerance of *C. jejuni* 81--176 in Mueller-Hinton broth supplemented with different concentrations of formate.\
The cultures were shifted from microaerobic conditions to ambient oxygen conditions with shaking (300 rpm). OD~600~ was measured at different time points and CFU numbers were quantified at 8 h of incubation under ambient oxygen. Asterisk \* indicates statistically significant differences (*P* \< 0.05) in comparison to the control (0 mM). Different letters indicate statistically significant differences (*P* \< 0.05).](srep40117-f6){#f6}

![Fold change in gene expression in response to the addition of formate and nitrate under different oxygen concentrations.\
The expression was normalized using the 16S rRNA gene as well as by comparison to expression in MH broth only. Fold change was determined using the 2^(−ΔΔC(T))^ method[@b34]. **Ana:** \< 1% O~2~; **Micro:** 5% O~2~. **F:** 5 mM formate; **FN:** 5 mM formate + 1 mM nitrate.](srep40117-f7){#f7}

###### List of genes that were targeted for qRT-PCR analysis.

  Target Gene (encoded respiratory protein/subunit)                       Primer Sequence
  ----------------------------------------------------------------------- --------------------------------
  *fdhA* (formate dehydrogenase)[\*](#t1-fn1){ref-type="fn"}              5′-GGCTTAGTTCCTTCTGGGAAAT-3′
  5′-GAGTGAAGGTTAATCCAGGTGTAG-3′                                          
  *frdA* (fumarate reductase)[\*\^](#t1-fn1){ref-type="fn"}               5′-GCGGTAATTTGTGAAGGAACAG-3′
  5′-GGCACAATAGGAGTTGGATGA-3′                                             
  *napA* (nitrate reductase)[\^](#t1-fn1){ref-type="fn"}                  5′-GATGAGCCATCAGGCTGTTAT-3′
  5′-CCAAAGGATTGGGTGCATTTC-3′                                             
  *nrfA* (nitrite reductase)[\^](#t1-fn1){ref-type="fn"}                  5′-ATCCGCTCTCATTTGAGCTTTA-3′
  5′-CGCGATGAGCTAGGTAATATGG-3′                                            
  *torA* (trimethylamine N-oxide reductase)[\^](#t1-fn1){ref-type="fn"}   5′-GCCAGTGGTGTAAGTGTCTAA-3′
  5′-ATAGCTCCACGCCCAAATAC-3′                                              
  *cioA* (cyanide-insensitive oxidase)[\^](#t1-fn1){ref-type="fn"}        5′-GGTGTGTGGCTATAGGAAGTAATC-3′
  5′-TCTTGCTGTGTCAGGGTTAAAG-3′                                            
  *ccoN (cb*-type oxidase)[\^](#t1-fn1){ref-type="fn"}                    5′-AGCGCAGCCATAGTCATAAA-3′
  5′-CACTTGAAGGGCCAATTCTTTC-3′                                            
  *cytC-1 (cyt c* peroxidase)[\^](#t1-fn1){ref-type="fn"}                 5′-CGCCCTAAATCTTCTTGGTTTG-3′
  5′-TGGCTGCATCTCTTGTCATC-3′                                              
  *cytC-2 (cyt c* peroxidase)[\^](#t1-fn1){ref-type="fn"}                 5′-TGGACAGCAAATCCTCATCAT-3′
  5′-TCAGCTTGGATTGGACCTTTAG-3′                                            
  *CJJ81176_0403* (putative oxidoreductase)[\^](#t1-fn1){ref-type="fn"}   5′-CCTACTGCAAGCAAGGTAAGA-3′
  5′-CCCGATCAAGACGCTTTATTTC-3′                                            
  *nrdA* (ribonucleotide reductase)                                       5′-CCTCAAGAATGGGCGAAGAA-3′
  5′-GCGCGTTGTTCTTGCATTAG-3′                                              

The primers were designed using the PrimerQuest Tool (Integrated DNA Technologies). ^\*^Respiratory proteins that facilitate the transfer of electrons from electron donors. ^\^^Respiratory proteins that facilitate the transfer of electrons to electron acceptors. This list includes the majority of previously described respiratory acceptor proteins in *C. jejuni*[@b12][@b18].
